ZnS nanoparticles were synthesized through a one-step precipitation process. Effect of time and temperature on the formation reaction was investigated. The synthesized samples were characterized by X-ray diffraction (XRD), ultraviolet (UV) visible absorption and photoluminescence (PL) spectrophotometry. Based on XRD and UV-Vis data, the particles produced at 70°C had a mean particle size of about 5 nm. Increasing time and temperature of the synthesis reaction resulted in photoluminescence intensification. PL spectroscopy helped understanding the adsorption kinetics of oxygen on ZnS nanoparticles during the precipitation synthesis process. Fabrication of ZnS structures with appropriate oxygen adsorption capacity was suggested as a means of PL emission intensity control.
Introduction
ZnS nanoparticles have many important applications, such as in-vivo and in-vitro imaging of target tissues [1] [2] [3] . Their fluorescence properties have been vastly studied [1] [2] [3] [4] [5] [6] [7] . Based on the specific application, appropriate morphology and particle sizes have been obtained by tuning precursor concentration, stabilizing surfactant, pH and temperature of the chemical processes generally used for production of the ZnS particles [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recently, dual florescence-MR cellular and molecular imaging has been investigated using ZnS:Mn nanoparticles [18, 19] . Addition of manganese to ZnS as a doping element leads to a red shift in the emission peak of the PL spectrum [20, 21] . On the other hand, reduction of the ZnS particle size leads to the blue shift of the PL emission peak with respect to the bulk ZnS [17] . In many studies, an enhancement in the luminescence intensity has been * E-mail: re.ahmadi@ENG.ikiu.ac.ir reported with the reaction time [22] . The luminescence intensity is strongly affected by variations in the surface states such as oxygen adsorption and particles crystallinity [22] .
So far, the doped ZnS nanoparticles, like Mn doped ZnS quantum dots and ZnS containing core/shell nanostructures such as CdSe/ZnS, InP/ZnS and CdTe/CdS/ZnS nanoparticles have been widely used for cell imaging [23, 24] . The red shift of the PL spectra of these nanostructures with respect to that of ZnS quantum dots makes them more suitable for in-vitro and in-vivo imaging applications; especially due to increasing of the beam penetration depth. Their emission intensity is affected by their surface defects.
The main goal of the present work was the synthesis of ZnS nanoparticles with suitable photoluminescence properties via a simple chemical route. This purpose has been satisfied and verified via TEM results. Another important aim was to investigate the kinetics of variation of the surface defects. This one is very important for controlling and predicting surface oxygen content. ZnS nanoparticles were therefore synthesized by a one-step precipitation method carried out at two temperatures: 70°C and 90°C. The PL spectra of the synthesized particles were determined at different reaction durations from 30 to 240 minutes. Using UV and XRD patterns, the particle sizes were evaluated. Kinetics of oxygen adsorption was studied by analyzing of the PL spectra at the above mentioned temperatures. Increasing the PL intensity at a constant wavelength was taken as an indication of the increase of the surface oxygen. The results indicate that the Avrami kinetic model governs the oxygen adsorption process.
Experimental

Materials and methods
All chemicals were of analytical grade and were used in the as-received condition without further purification. Water soluble ZnS quantum dots were synthesized in an aqueous medium under atmospheric air by adding 0.320 mL of 3-mercaptopropionic acid (MPA) to 0.1 M Zn(CH 3 COO) 2 ·2H 2 O (20 mL) which was used as the capping agent. The pH of the solution was raised up to 5.5 by addition of 2M NaOH. An oil bath was used to heat up the (Zn 2+ /MPA) solution to the reaction temperature (70°C and 90°C). An aqueous solution of 1 M Na 2 S·9H 2 O (20 mL) having the same temperature as the oil bath was then injected into the reaction flask and the mixture was refluxed. Sampling was done at different times (t = 30 to 240 minutes) with subsequent cooling to the room temperature. The obtained samples were characterized by XRD, UV-Vis absorption and PL spectroscopy. The experimental conditions of preparing the twelve samples used in this study are summarized in Table 1 .
Characterization
Structure and florescence properties of the synthesized ZnS particles were investigated by XRD (Siemens D5000 X-ray theta/theta diffractometer) using high-intensity CuKα radiation via the movement of both the X-ray source and the detector. The XRD scan rate was fixed at 0.02°2θ/s with a step size of 0.02°. The particle size was calculated through the Scherrer equation employing the highest intensity peak. The UV-Vis absorption recording and the PL intensity measurements were performed at 25°C using the Varian Cary 100 UV-Vis and Eidingberg spectrophotometers, respectively. A JEOL TEM JEM-2010F was used to determine the average particle size and morphology of the particles at an accelerating voltage of 150 kV.
Results and discussion
The XRD pattern of the sample S synthesized at 70°C for 90 minutes is shown in Fig. 1a . The characteristic peaks located at 28.48°, 48.07°and 56.17°are related to (1 1 1), (2 2 0) and (3 1 1) planes in the ZnS lattice, respectively. All the XRD peaks confirm the cubic zinc blende structure of ZnS nanoparticles. Considering the highest intensity peak located at 24.48°, the mean particles size was estimated by Scherrer equation:
where D is the calculated crystallite size, k is the dimensionless shape factor with a typical value of 0.9, λ is the X-ray wavelength, β is the full width at half maximum (FWHM) of the considered peak and θ is the Bragg angle at the highest intensity. Considering 2θ = 28.48°, β = 1.67°= 0.029 rad and λ = 1.5408 AA, the estimated mean crystallite size was determined equal to 4.9 nm. This was close to the TEM result of 5.1 nm, as shown in Fig. 1b . Size of the particles can also be calculated from Brus equation [17] according to the UV-Vis spectrum of the sample S (Fig. 2) . The onset of the absorption peak is located at 312 nm which shows 262 REZA AHMADI et al.
a reliable blue shift with respect to the bulk ZnS (340 nm). The Brus equation can be written as [17] :
where E and E g are the onset of the absorption peak of the sample S and the band gap of the bulk material respectively, r is the particle radius, m * e m * e and m * h are the reduced masses of the conduction band electron and valence band hole of bulk ZnS, respectively, ε 0 is the vacuum permittivity and ε α is the high-frequency dielectric constant of ZnS. These values for ZnS are as follows: Inserting the data in equation 2, we can obtain the particle radius equal to 2.3 nm. The diameter of the particles is 4.6 nm which is in good agreement with the XRD result, unlike in some other reports that imply the difference between XRD and UV sizes for very small particles [17] .
PL spectra of the samples synthesized at 70°C and 90°C are presented in the Fig. 3a and b for the reaction times between 30 and 240 minutes. As it is evident from these figures, the PL intensity increases with the reaction time at all temperatures. As described before, the PL intensity enhancement is mainly due to two factors: increasing particle crystallinity and oxygen adsorption on the activated surface defect sites. As the reaction has been conducted under the air atmosphere, adsorption of oxygen occurred and its effect was therefore dominant [22] . So, the PL intensity enhancement can be considered as a sign of increasing oxygen adsorption. Slight red shifts are observed in the PL spectra of the samples A1 to A6 synthesized at 70°C which is related to the slight particles growth in the reaction time intervals between 30 and 240 minutes. Such behavior was also observed in the samples synthesized at 90°C (set B, Table 1 ). Fig. 4 shows the diagrams of maximum PL intensity versus reaction time at 70°C and 90°C. The PL intensity at 90°C is higher than at 70°C for all the reaction times. It is inferred that the oxygen adsorption is the principal reason for the PL intensity enhancement with reaction time.
According to the Chapman-Enskog theory, the diffusion coefficient of gas molecules in the surface adsorption phenomena is proportional to T n . T is the temperature in Kelvin and n is a number between 1.5 and 1.8, so the diffusion coefficient of the surface oxygen increases with temperature and the oxygen adsorption at 90°C is higher than at 70°C. Since the enhancement of the PL intensity is related to increasing of the surface oxygen, assuming that 99 % of the adsorption has been completed until the final reaction time t f , the reaction progression at time t, f(t), can be calculated accordingly:
where the f (t) is the fraction of oxygen adsorbed at time t and I max,t are the maximum PL intensities at time t and at the end of the reaction, respectively. Using this approach, the diagrams f (t) vs. ln (t) and ln [− ln (1 − f (t))] vs. ln (t) have been plotted at two temperatures: 70°C and 90°C ( Fig. 5 and Fig. 6 , respectively). As discussed in our previous works [25, 26] , the linearity of the later diagram is the sign of its good coincidence with the Avrami kinetics equation:
where k and n are the kinetics coefficients depending on the experimental conditions, such as temperature, pH, precursor concentrations, etc. As seen in Fig. 6 , the obtained plots are semi-linear in shape with the R 2 values of 0.9311 and 0.9633 at 70°C and 90°C, respectively. Also, the f (t) − ln (t) plots show an "S" type shape which is characteristic of the Avrami transformations with the highest rates at the middle time intervals and a low reaction rate at the beginning and the end of the reaction. So, the kinetics of surface oxygen absorption on the ZnS nanoparticles surface can be stated through the Avrami model. Finally, considering Fig. 6 the kinetics coefficients k and n can be calculated from the trend line slope and intercept with the vertical axis, respectively. So, the related kinetics equations can be written accordingly:
As the PL intensity is strongly affected by the amount of surface adsorbed oxygen, these equations can be useful for achieving a desired PL intensity. This approach, which has been introduced for the first time in this work, can be employed for other semiconductors too. 
Conclusions
In the present study, ZnS nanoparticles with the mean particle size of about 5 nm were synthesized via precipitation process. Effects of reaction time and temperature on the PL intensity of the nanoparticles were investigated. Adsorption of oxygen on the samples was suggested to be the main mechanism responsible for the enhancement of the PL intensity. Avrami model was proposed for explanation of the oxygen adsorption on the particles at 70°C and 90°C. Relevant kinetics equations were obtained by using some simplifying assumptions.
To the best of our knowledge, this is the first time that kinetics of oxygen adsorption on ZnS nanoparticles has been studied as the main mechanism responsible for the PL intensity enhancement.
